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Introduction {#sec001}
============

Exercise training induces profound fitness-promoting adaptations in skeletal muscle cells \[[@pcbi.1008079.ref001]\]. How the "stress" of exercise is sensed by cells and translated into adaptations is unclear. It is known that a protein signaling network exists within skeletal muscle cells, the components of which are directly activated by the diverse biochemical and biophysical stressors of exercise \[[@pcbi.1008079.ref002]\]. The proteins within the network transmit signals in the form of altered rates of biochemical reactions such as phosphorylation. The information is transmitted to effectors such as transcription factors in the nucleus, whose altered activities increase the expression of fitness-promoting genes. What remains to be determined is how different durations and intensities of exercise are encoded by the network and translated into specific adaptations.

AMP-activated protein kinase (AMPK) is a prototypical exercise-responsive signaling protein. AMPK exists as a complex composed of three subunits, α, β, and γ, each of which has two or three isoforms (namely α1 and α2, β1 and β2, and γ1, γ2, and γ3). Any combination of the α, β, and γ isoforms are possible but in human skeletal muscle the predominant complexes are α1β2γ1 (15%), α2β2γ1 (65%), α2β2γ3 (20%) \[[@pcbi.1008079.ref003]\]. In mice, some muscles also express β1-containing complexes \[[@pcbi.1008079.ref003]\]. Mice featuring muscle-specific deletions of both AMPK β-subunits exhibit reduced mitochondria and exercise tolerance, thus demonstrating the importance of AMPK in facilitating muscle adaptations to physical activity \[[@pcbi.1008079.ref004]\]. In humans, AMPK signaling increases in response to diverse types of exercise \[[@pcbi.1008079.ref005],[@pcbi.1008079.ref006]\]. AMPK substrates include transcription factors such as cAMP-response element binding protein (CREB) and coactivators such as peroxisomal proliferator-activated receptor-γ co-activator-1α (PGC-1α) \[[@pcbi.1008079.ref007]\]. The phosphorylation of these transcriptional regulators by AMPK stimulates their abilities to enhance the expression of metabolic proteins such as hexokinase II \[[@pcbi.1008079.ref008]\] and mitochondrial proteins \[[@pcbi.1008079.ref009]\]. Skeletal-muscle AMPK function is important for promoting whole-body metabolic health and has motivated the development of "exercise-mimetic" drug cocktails, a core component of which are small-molecule AMPK activators \[[@pcbi.1008079.ref010],[@pcbi.1008079.ref011]\]. It is therefore important to better understand AMPK activation in skeletal muscle in response to exercise and pharmacological activators.

AMPK activity is dynamically controlled by phosphorylation and allostery, both of which are prompted by changes to the bioavailable ("free") concentrations of the adenine nucleotides (AXPs), i.e., adenosine tri-, di-, and monophosphate (ATP, ADP, and AMP, respectively) \[[@pcbi.1008079.ref012]\]. AMPK is phosphorylated at a threonine residue (Thr172) within the activation loop of the α-subunit \[[@pcbi.1008079.ref013]\]. Several kinases and phosphatases control the phosphorylation state of this site *in vivo*. The principal kinases include liver kinase B1 (LKB1) and calmodulin-dependent protein kinase kinase β (CAMKKβ) \[[@pcbi.1008079.ref014]\], and the main phosphatases include phosphoprotein phosphatases 1 and 2A (PP1, PP2A), and metal-dependent protein phosphatase 2C (PP2C) \[[@pcbi.1008079.ref015]--[@pcbi.1008079.ref017]\]. ADP and AMP inhibit phospho-AMPK Thr172 dephosphorylation \[[@pcbi.1008079.ref018],[@pcbi.1008079.ref019]\] and promote AMPK Thr172 phosphorylation by LKB1 and CaMKKβ by enhancing AMPK's ability to serve as a substrate for these upstream kinases \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref020]--[@pcbi.1008079.ref022]\]. ATP inhibits AMPK phosphorylation by competing with ADP and AMP for binding to AMPK and by stabilizing it in a conformation that favors its dephosphorylation \[[@pcbi.1008079.ref017]\]. AMP allosterically activates AMPK catalytic activity by 1.5- to 13-fold, depending on the estimate, by binding to cystathionine-β-synthase (CBS) domains within the γ subunit \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref019],[@pcbi.1008079.ref022]\]. How these factors interact to control overall AMPK activity is poorly understood.

Two principal hypotheses have been proposed to explain AXP-mediated control of AMPK activity *in vivo*. One hypothesis posits that AMP (or its ratio with ATP) is the primary controller of AMPK \[[@pcbi.1008079.ref023],[@pcbi.1008079.ref024]\]. Three lines of argument support this hypothesis. First, AMP is proposed to act as a more sensitive controller of AMPK activity than ADP for a given amount of ATP breakdown because the adenylate kinase reaction involves ATP and AMP interconverting into two ADP, such that the AMP:ATP ratio would vary as the square of the ADP:ATP ratio \[[@pcbi.1008079.ref025]\]. Second, AMP enhances the phosphorylation of AMPK by LKB1 and by CaMKKβ by up to four fold \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref021],[@pcbi.1008079.ref022]\], whereas ADP enhances this phosphorylation by only \~1.5-fold \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref020]\]. Third, only AMP allosterically activates AMPK \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref019],[@pcbi.1008079.ref022]\], the degree to which depends on the γ-subunit isoform within the AMPK complex, with γ2-containing complexes being strongly activated and γ3-containing complexes exhibiting little to no activation \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref026]\]. Overall, AMP is more potent on a per-molar basis than ADP in activating AMPK \[[@pcbi.1008079.ref022],[@pcbi.1008079.ref024]\], which ultimately reflects a higher *per-molecule activation potency*, i.e., the degree of activation per AMPK molecule upon the binding of activator.

An alternative hypothesis is that ADP is the primary controller of AMPK activity, which is based on two main arguments. First, the concentration of free ADP is orders of magnitude higher than that of free AMP (50--200 μM versus 0.5--5 μM) \[[@pcbi.1008079.ref017],[@pcbi.1008079.ref018],[@pcbi.1008079.ref020],[@pcbi.1008079.ref027],[@pcbi.1008079.ref028]\]. The disparity in the intracellular concentrations of ADP and AMP is a manifestation of the adenylate kinase reaction operating near equilibrium and is further promoted by the AMP deaminase reaction, in which AMP is degraded into inosine monophosphate (IMP) and ammonia \[[@pcbi.1008079.ref020],[@pcbi.1008079.ref029]\]. This reaction is particularly discernible during maximal-intensity sprint exercise, because intramuscular IMP levels increase from undetectable levels at rest to \~20 μmol∙g dry mass^-1^ after exercise \[[@pcbi.1008079.ref030]\]. Second, ADP and AMP both bind to the AMPK γ-subunit nucleotide-binding site 3 with roughly similar affinities \[[@pcbi.1008079.ref018]\]. Data from human exercise studies show that the concentration of ADP exceeds its dissociation constant (K~D~) of binding to site 3 on the γ domain, whereas the concentration of AMP does not, thus implying that ADP outcompetes AMP for binding to that site \[[@pcbi.1008079.ref027]\]. In accordance, ADP levels and AMPK activities increase in parallel as a function of exercise intensity \[[@pcbi.1008079.ref027]\]. Together, the comparable affinities of binding and the higher ADP concentration may enable it to serve as the primary controller of AMPK despite its lesser per-molecule activation potency compared to AMP.

Despite the rich *in vitro* and *in vivo* data available regarding AMPK activity control, these hypotheses await definitive support or refutation because of the complex and quantitative nature of AMPK control. Complexities include the dynamic variation of AXP concentration with exercise intensity, the effects of the comparable yet quantitatively different binding affinities of the AXPs towards the γ isoforms \[[@pcbi.1008079.ref031],[@pcbi.1008079.ref032]\], and the different per-molecule activation potencies of the AXPs towards AMPK. These factors are challenging to parse experimentally. Accordingly, a more complete understanding of AMPK activation *in vivo* requires the study of these mechanisms using methods that account for these complexities. Enhanced understanding of AMPK activation would inform both exercise training biology and AMPK pharmacology.

Mathematical modeling is a powerful tool for investigating the dynamics of complex biochemical networks. To date, physicochemical models featuring AMPK have studied its control by insulin and mTORC1 \[[@pcbi.1008079.ref033]\], as well as AMPK's roles in controlling the balance of protein translation and autophagy \[[@pcbi.1008079.ref034]\], in maintaining circadian metabolic function of the liver \[[@pcbi.1008079.ref035]\], and in cancers such as glioblastoma \[[@pcbi.1008079.ref036]\]. However, none of these studies focused on AXP-mediated control mechanisms of AMPK, none of the models featured ADP-mediated control of AMPK, and none featured skeletal muscle as the tissue of interest. Given that ATP turnover can increase 100-fold over rest in muscle during intense exercise \[[@pcbi.1008079.ref037]\], a dedicated model of AMPK control in skeletal muscle is warranted.

In this study, we used mathematical modeling to investigate the control of AMPK activity dynamics by AXPs in skeletal muscle in response to exercise. Our model combines a published model of AXP dynamics in contracting skeletal muscle with a new model of AMPK signaling that integrates all known AXP-mediated control mechanisms. We used the model to test the hypothesis that ADP is the dominant controller of AMPK activity in skeletal muscle during exercise. Specifically, we performed global parameter sensitivity analyses guided by a framework in which AMPK activation was expressed in terms of the activator concentration, binding affinity, phosphorylation enhancement, and allosteric activation. The model generalized to direct-binding AMPK activators, thus extending the its applicability to understanding AMPK pharmacology.

Methods {#sec002}
=======

Model description {#sec003}
-----------------

A schematic diagram of the model topology is presented in [Fig 1](#pcbi.1008079.g001){ref-type="fig"}. The model is briefly described here, with comprehensive details and justification provided in the Supplementary Methods ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, "Model construction: System Definition" and "Model construction: Topology" subsections). The system is defined as a muscle fiber with average contractile, metabolic, and fatigability properties contracting within a primary agonist muscle during cycling exercise. In the spectrum from slow to fast-twitch fibers, the fiber would most closely resemble a type-IIa fiber \[[@pcbi.1008079.ref038]\]. The model is expressed as a system of ordinary differential equations that describe the rates of change of the represented molecular species. The model consists of three modules: 1) bioenergetic, 2) AMPK regulatory, and 3) pharmacological activator (PA). The bioenergetic module simulates AXP dynamics in response to exercise and is based on published models \[[@pcbi.1008079.ref039],[@pcbi.1008079.ref040]\]. The inputs to the model were the parameters describing the rates of ATP hydrolysis under different conditions (*k*~*rest*~, *k*~*stim*~, *k*~*post*~; Table D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). These parameters were set to values that led the predicted phosphocreatine concentrations to match measured values. The outputs of the model were the predicted phospho-AMPK (p-AMPK) levels and the activities of the various AMPK species. The activity of each molecular species was calculated as the product of its concentration and corresponding *k*~*cat*~ parameter. Model species and initial conditions, reaction rate equations, ordinary differential equations, and parameter values are presented in Tables A, B, C, and D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, respectively. Allosteric activation potencies, simulation-specific parameter values, and activator properties are presented in Tables E, F, and G in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, respectively.

![AMPK model reaction diagram.\
Biochemical reactions are denoted by arrows and are labeled with a reaction number (r1, r2, etc.). Reversible reactions are indicated by double-sided arrows. Orange arrows depict nucleotide-binding reactions, and black arrows depict enzyme-catalyzed synthesis and degradation reactions. Species colored cyan represent unphosphorylated AMPK and species colored red represent phospho-AMPK. To simulate exercise, we changed the rate of the ATPase reaction (r1), which serves as the input to the model. The three modules of the model are distinguished by shading with the bioenergetic module shaded light blue, the AMPK regulatory module medium blue, and the activator module darker blue. The activator module is used to simulate the effects of two activators, ZMP and Compound 991 (C991). When simulating C991, only reactions r22 and r23, which represent reversible binding of C991 to AMPK and phospho-AMPK, are simulated in the activator module. When simulating the effects of ZMP, the module features r22 and r23 as well as r24 and r25, which represents the interconversion of 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), the precursor molecule, to ZMP (r24) and ZMP degradation (r25). Activator-specific parameter values are used for r22 and r23.](pcbi.1008079.g001){#pcbi.1008079.g001}

Model calibration {#sec004}
-----------------

The model parameter values (Tables D, E, F, and G in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}) were calibrated by using estimates from published literature, biochemical calculations, and manual adjustment to fit the model to data from exercising humans. The calibration is described in detail in the Supplementary Methods ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, "Model Calibration" subsection).

Model validation {#sec005}
----------------

To externally validate the model, the predictions of the calibrated model were compared against two independent datasets: one collected from a continuous exercise protocol \[[@pcbi.1008079.ref041]\] and the other from a sprint-interval exercise protocol \[[@pcbi.1008079.ref006]\]. To simulate exercise intensity, we modified the *k*~*rest*~ and *k*~*stim*~ values until the modeled PCr levels matched the experimentally observed values at rest and during exercise. The values for all other model parameters and initial conditions were those of the calibrated model.

Global parameter sensitivity analyses {#sec006}
-------------------------------------

We performed global sensitivity analyses to systematically explore the parameter determinants of AXP dominance in controlling AMPK activity. Specifically, we employed Multi-Parametric Sensitivity Analysis (MPSA) \[[@pcbi.1008079.ref042]\] as follows. First, we generated 50,000 parameter sets by selecting values from logarithmically scaled ranges according to the Latin hypercube sampling method \[[@pcbi.1008079.ref043]\]. Latin hypercube designs efficiently ensure even sampling of all parameters across their sampling ranges \[[@pcbi.1008079.ref043]\]. Accordingly, parameter sensitivities are assessed in the context of the full range of values for the other parameters, such that interaction effects between parameters, if they exist, should be detectable.

We performed three MPSA, denoted "unconstrained", "α1β2γ1 K~D~", and "α2β2γ3 K~D~". For each, the sampling ranges for kinetic parameters associated with the bioenergetic module were centered around their published estimates \[[@pcbi.1008079.ref039],[@pcbi.1008079.ref040]\] ([S1 Spreadsheet](#pcbi.1008079.s002){ref-type="supplementary-material"}, "Parameter Inputs" worksheet). Those for the AMPK regulatory module were set in the unconstrained MPSA based on the limits of biophysical plausibility \[[@pcbi.1008079.ref044]\]. In the other two MPSA, the sampling ranges were ±10% around the measured K~D~ values for two AMPK isoforms, α1β2γ1 and α2β2γ3 ([S1 Spreadsheet](#pcbi.1008079.s002){ref-type="supplementary-material"}, "Binding kinetics" worksheet).

The resulting models were then simulated, and the outputs used to compute classification metrics for analysis. Models were retained for analysis if their simulated phospho-AMPK time courses exhibited acceptable qualitative trends based on the criteria stated in the Supplementary Methods ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, "Multi-parametric sensitivity analysis: Criteria for acceptable models" subsection). For each acceptable model, the degrees to which ADP and AMP each contributed to the control of AMPK activity were assessed by numerically computing the time integrals of ADP-bound phospho-AMPK (ADP-p-AMPK) and AMP-bound phospho-AMPK (AMP-p-AMPK), followed by computing the *fraction of ADP-mediated control* as follows: $$fraction\ ADP\ control = \frac{\left\lbrack {\mathit{ADP}‐p‐\mathit{AMPK}} \right\rbrack_{AUC}}{\left\lbrack {\mathit{ADP}‐p‐\mathit{AMPK}} \right\rbrack_{AUC} + \left\lbrack {\mathit{AMP}‐p‐\mathit{AMPK}} \right\rbrack_{AUC}}$$

Models were classified as "AMP-dominant" or "ADP-dominant" if this fraction was \< 0.5 or \> 0.5, respectively. The dependencies of AXP dominance on individual kinetic parameters were assessed by computing Kolmogorov-Smirnov statistics. In addition, relationships between the parameter values and the *fraction ADP control* were assessed by computing Spearman correlation coefficients. Parameter effects were visualized by plotting boxplots of the parameter values from AMP- and ADP-dominant models. To visually accentuate any differences, the values from parameter sets leading to *fraction ADP control* \> 0.8 ("ADP-dominant") or \< 0.2 ("AMP-dominant") were used for constructing the boxplots.

AXP dominance is expected to be a function of interactions between multiple parameters rather than single isolated parameters. Because the number of model parameters was prohibitively large to tractably apply standard statistical approaches, we derived a framework from which we specified an analysis plan (see Supplementary Methods in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}, "Multi-parametric sensitivity analysis: Framework for analyzing AMPK activation" subsection). Equation G ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}) compactly expresses the five factors that determine total AMPK activity, namely the concentration of activator, the binding affinity of the activator for AMPK, the concentration of phospho-AMPK and its activity, and the allosteric activation of AMPK provided by the activator. Equation I ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}) then provides the basis for comparing the potencies of two activators in terms of intuitive groupings of model parameters that determine the listed factors. For AXP-(p)-AMPK binding parameters, boxplots were constructed for individual forward and reverse binding rate constants (*k*~*f*~ and *k*~*r*~), the K~D~ values, and the ratios of K~D~ values. For activator concentrations, the maximum-predicted AMP and ADP concentrations were plotted, as was the ratio between these values. The parameter values representing allosteric activation of AMPK by AMP were analyzed in isolation because ADP does not allosterically activate AMPK. The phosphorylation enhancement was assessed by examining individual V~max~ and K~M~ values for the AMPK kinase and phosphatase, followed by V~max~/K~M~ values, which provides an index for the overall parameter effects in the Michaelis-Menten equation, and then by compound ratios of V~max~/K~M~ values for the kinases and phosphatases.

Software and numerical algorithms {#sec007}
---------------------------------

CellDesigner 4.4.2 \[[@pcbi.1008079.ref045]\] was used to create the model reaction diagram ([Fig 1](#pcbi.1008079.g001){ref-type="fig"}**)**. MATLAB version r2019a (9.6.0.1099231) was used to perform all analyses and calculations. Latin Hypercube sampling was done using the 'lhsdesign' function in MATLAB, the areas under the curve (AUC) were calculated using the 'cumtrapz' function, and the model was numerically integrated using the \'ode23s\' algorithm using default tolerances. We also solved the model using alternative solvers and confirmed that our choice of solver did not affect the model results. Code to run the model and reproduce Figures 2 and 3 is included as supplementary files ([S1 Code](#pcbi.1008079.s003){ref-type="supplementary-material"}).

Results {#sec008}
=======

Bioenergetic module simulation of AXP dynamics {#sec009}
----------------------------------------------

The AMPK model predicts AMPK dynamics resulting from AXP dynamics during exercise. The experimental data for AMPK signaling against which our model was compared came from the vastus lateralis of humans during cycling exercise. Hence, we first verified whether the bioenergetic module, which was based on a model of metabolism in contracting forearm skeletal muscle \[[@pcbi.1008079.ref039]\], could adequately simulate AXP dynamics in this different mode of exercise \[[@pcbi.1008079.ref005]\]. The concentrations of PCr, inorganic phosphate (P~i~), and the AXPs were predicted to achieve steady states at \~10 min following the onset of exercise ([Fig 2](#pcbi.1008079.g002){ref-type="fig"}). The PCr concentration decreased from 23 mM to 17 mM and the P~i~ concentration increased from 2.6 mM to 8.7 mM ([Fig 2A](#pcbi.1008079.g002){ref-type="fig"}). ATP concentration was essentially preserved at its resting levels of 7.5 mM, which matched the data well ([Fig 2B](#pcbi.1008079.g002){ref-type="fig"}). ADP and AMP increased by 1.8-fold (49 μM to 89 μM) and 3.4-fold (0.43 μM to 1.4 μM), respectively, which also matched well their experimentally observed values ([Fig 2B](#pcbi.1008079.g002){ref-type="fig"}). These results demonstrate that the bioenergetic module satisfactorily explained AXP dynamics in vastus lateralis during cycling exercise.

![Model calibration results.\
The model was initially calibrated to data collected from a 30-min submaximal-intensity cycling exercise protocol \[[@pcbi.1008079.ref005]\]. For all panels, the measured data are presented as means ± standard error, if available, and the hatched vertical lines indicate the exercise initiation and cessation times. A) Time courses of phosphocreatine (PCr) and inorganic phosphate (P~i~) concentrations. The filled circles represent measured PCr concentrations. B) Semi-logarithmic plot showing the time courses of AXP concentrations in response to exercise. The open points, light gray points, and dark gray points represent the measured ATP, ADP, and AMP concentrations, respectively. C) Time courses of the total and phospho-AMPK (p-AMPK) levels. D) Time courses of the simulated kinase activities of each AXP-bound phospho-AMPK (AXP-p-AMPK) complex. Filled circles represent the measured mean relative change in total AMPK activity between rest and exercise.](pcbi.1008079.g002){#pcbi.1008079.g002}

Model calibration results and predicted AMPK dynamics during continuous submaximal exercise {#sec010}
-------------------------------------------------------------------------------------------

Next, we calibrated the model to AMPK signaling data and evaluated the predicted AMPK activity dynamics. Initial simulations revealed that the model with the pre-calibration parameter values caused the phospho-AMPK levels to rise and fall unrealistically fast. Guided by the local parameter sensitivity analysis, we found that this discrepancy could be reduced by lowering the kinase and phosphatase parameters from their pre-calibration values (40--47, Table D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). The kinetic parameters pertaining to AXP-AMPK binding were also adjusted (Table D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). *K*~*eqADK*~ was decreased to better reflect human tissue in which the intracellular Mg^2+^ differs from the reported data (Table D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). Collectively, these changes slowed the rate of AMPK phosphorylation and dephosphorylation and increased free AMP levels, such that the model predictions better matched experimental measurements.

The calibrated model predicted the following features of AMPK dynamics in skeletal muscle during exercise. First, the concentration of phospho-AMPK increased from 34% to 45% of the total amount of AMPK ([Fig 2C](#pcbi.1008079.g002){ref-type="fig"}). The total kinase activity of phospho-AMPK increased \~30% during exercise, 93% and 4% of which was attributable to the ADP- and AMP-bound forms of phospho-AMPK, respectively ([Fig 2D](#pcbi.1008079.g002){ref-type="fig"}). On average, the experimental data showed that AMPK activity increased \~40% after 30-minutes of exercise \[[@pcbi.1008079.ref005]\]. To better match the model output to the data, we tried increasing the V~max~ values for AMPK phosphorylation (parameters 40--43, Table D in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). While this strategy led to better fits of the activity data, it also caused the rise in phospho-AMPK levels to be excessively rapid, such that the resulting fit is a compromise.

Model validation and AMPK dynamics during sprint-interval exercise {#sec011}
------------------------------------------------------------------

Next, we validated the calibrated model against the data of Nielsen et al. \[[@pcbi.1008079.ref041]\] and Gibala et al. \[[@pcbi.1008079.ref006]\]. The Nielsen study featured sedentary and trained humans continuously exercising for 20 min at an intensity of 80% of $\overset{˙}{V}O_{2max}$, before and after which PCr concentrations, relative phospho-AMPK levels, and AMPK activities were measured in muscle biopsies. The model reproduced the relative constancy of ATP concentrations during exercise ([Fig 3B and 3F](#pcbi.1008079.g003){ref-type="fig"}), and transient increases of AMP concentrations ([Fig 3B and 3F](#pcbi.1008079.g003){ref-type="fig"}), phospho-AMPK levels ([Fig 3C and 3G](#pcbi.1008079.g003){ref-type="fig"}), and AMPK activities ([Fig 3D and 3H](#pcbi.1008079.g003){ref-type="fig"}) for the sedentary and trained participants. The quantitative agreement between the model predictions and measured values was satisfactory, except for the change in phospho-AMPK levels during exercise in the sedentary group, which the model underpredicted by approximately 50% ([Fig 3C](#pcbi.1008079.g003){ref-type="fig"}). The model predicted that 89% of the total AMPK activity was attributable to ADP-bound phospho-AMPK.

![Model validation.\
The model predictions were compared to data collected from continuous cycling exercise performed by sedentary (panels A-D) or trained human participants (panels E-H) \[[@pcbi.1008079.ref041]\] and sprint-interval cycling exercise \[[@pcbi.1008079.ref006]\] (panels I-L). The hatched vertical lines indicate the times at which exercise was initiated and ceased. Data points and error bars represent the means ± standard error. A, E, I) Time courses of phosphocreatine (PCr) concentration. The filled circles represent the measured concentration. B, F, J) Semi-logarithmic plot showing the time courses of adenine nucleotide concentrations in response to exercise. The open and grey-filled circles represent the measured ATP and AMP concentrations, respectively. C, G, K) Time courses of total and phospho-AMPK (p-AMPK) levels in response to exercise. The open circles represent measured p-AMPK levels. D, H, L) Time courses of the simulated kinase activities for each AXP-p-AMPK complex. The open circles represent the mean relative change in total AMPK activities between rest and exercise.](pcbi.1008079.g003){#pcbi.1008079.g003}

The Gibala study featured measurements of PCr concentrations and relative phospho-AMPK levels in response to four 30-s sprint intervals interspersed with 4 min of passive recovery. We set the *k*~*stim*~ parameter (Table F in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}) to simulate the drop in PCr levels to approximately 12 mM after the first interval ([Fig 3A](#pcbi.1008079.g003){ref-type="fig"}). Thereafter, we increased *k*~*stim*~ by \~4% for each subsequent interval to model the progressive depletion of PCr across the four intervals to \~7 mM ([Fig 3I](#pcbi.1008079.g003){ref-type="fig"}). The model predicted virtually constant ATP concentrations throughout the exercise protocol, whereas the measured concentrations noticeably decreased ([Fig 3J](#pcbi.1008079.g003){ref-type="fig"}). Both ADP and AMP levels showed transient increases in response to each interval, with ADP levels increasing from 44 μM to 422 μM and AMP from 0.27 μM to 26 μM by the fourth interval ([Fig 3J](#pcbi.1008079.g003){ref-type="fig"}). The model predicted that the fold-increase in AMP concentration (96-fold) varied approximately as the square of the fold-increase in ADP concentration (9.59-fold). With respect to signaling, the model successfully reproduced the observed \~30% increase in phospho-AMPK levels in response to the four intervals ([Fig 3K](#pcbi.1008079.g003){ref-type="fig"}). The model predicted that AMPK activity increased from 6.0 mM/s to 8.6 mM/s, of which 92% was attributable to the ADP-bound form and 4% to the AMP-bound form ([Fig 3L](#pcbi.1008079.g003){ref-type="fig"}). Collectively, these results suggest that the model satisfactorily captures the behaviors of AMPK signaling in response to diverse exercise protocols.

Global parameter sensitivity analysis {#sec012}
-------------------------------------

The above results demonstrate that the model is capable of reproducing AMPK phosphorylation and activity kinetics during exercise and that AMPK activity is mainly determined by ADP-bound complexes. However, the data on which the model is based are insufficient to constrain the uncertainties of the model's numerous parameter values, such that AMP-dominant control could be possible if different parameter values were used. Second, the result provides little insight as to why ADP is predicted to be the dominant controller and how the different mechanisms contribute to overall control.

To address these issues, we performed MPSA. In the unconstrained MPSA, 216 of 50,000 simulations exhibited acceptable phospho-AMPK kinetics, while the α1β2γ1 K~D~ and α2β2γ3 K~D~ MPSAs respectively resulted in 2,799 and 2,685 acceptable simulations (Supplementary spreadsheet "MPSA" worksheet). Of the acceptable runs in the unconstrained MPSA, 77 simulations exhibited ADP-dominant control of AMPK activity and 139 exhibited AMP dominance (Supplementary Spreadsheet "MPSA" worksheet). The α1β2γ1 K~D~ MPSA resulted in 2,717 and 82 simulations featuring ADP- and AMP-dominant control, respectively, while the α2β2γ3 K~D~ MPSA resulted in 2,281 and 404 simulations featuring ADP- and AMP-dominant control, respectively (Supplementary Spreadsheet "MPSA" worksheet). These results confirmed that AXP-dominance depends on the parameter values.

We next determined the parameters that were most important for determining AXP dominance in each of the three MPSA. We focused on parameter groupings that emerged from Equation I ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}), specifically the relative K~D~ values of the AXP-(p)-AMPK reactions, the enzyme kinetic parameters of the AMPK kinase and phosphatase (V~max~ and K~M~), which determine \[*p-AMPK*\], and the activator concentrations and allosteric activation potencies. In the unconstrained MPSA, AXP dominance was determined mainly by the rate constants for the binding of ADP and AMP to phospho-AMPK, i.e., *k10f*, *k10r*, *k11f*, and *k11r*, as indicated by their higher K-S statistics and lower P-values by comparison to the other parameters (Supplementary Spreadsheet "MPSA" worksheet). Of these, *k11r*, the dissociation rate constant for AMP-p-AMPK, had the highest correlation coefficient with the fraction of ADP control (0.38, Supplementary Spreadsheet "MPSA" worksheet). The effects of these individual parameters propagated into the corresponding K~D~ values for the two reactions ([S1A Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}, top right panel) as well as to ratios of K~D~ values involving the K~D~ for the AMP-p-AMPK binding reaction ([S1A Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}, bottom panel; note the upward shifts in the boxplots for all K~D~ ratios featuring "AMP~p~"). Conversely, K-S statistics, correlations, and boxplots for the V~max~ and K~M~ parameters for the AMPK kinase and phosphatase were similar between AMP- and ADP-dominant models (Supplementary Spreadsheet "MPSA" worksheet and [S1B Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}). ADP and AMP concentrations and AMP-mediated allostery were also similarly distributed for both AMP- and ADP-dominant models ([S1C Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}). Overall, the unconstrained MPSA demonstrated that AMP-dominant control of AMPK activity is possible and resulted mainly from parameters determining AXP-p-AMPK binding affinities.

In the α1β2γ1 K~D~ MPSA, the model was sensitive to the dissociation rate constants for ADP-p-AMPK (*k10r*) and AMP-p-AMPK (*k11r*), as indicated by the K-S statistics and Spearman correlations (Supplementary Spreadsheet "MPSA" worksheet). However, the shifts in the quantiles for the K~D~ and K~D~ ratios that incorporated these parameters were relatively minor and not visually different compared to those that did not incorporate the *k10r* and *k11r* parameters ([S2A Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}). In contrast, sensitivities were evident for the V~max~ and K~M~ parameters for the AMPK kinase and phosphatase. The K-S statistics and Spearman correlations for the V~max~ and K~M~ of the ADP-AMPK kinase (*V*~*maxKinaseADP*~ and *K*~*M*~*16*, respectively) were the highest amongst the enzyme kinetic parameters (Supplementary Spreadsheet "MPSA" worksheet). These results were corroborated by the boxplots, which additionally showed that the sensitivities propagated into the corresponding V~max~/K~M~ ratio for the ADP-AMPK kinase, the quantile values of which were higher in ADP-dominant models compared to AMP-dominant models ([S2B Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}). The sensitivities also propagated into the higher-order ratios incorporating this V~max~/K~M~ ratio ([S2B Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}, bottom panel).

The parameter to which the model was most sensitive in the α1β2γ1 K~D~ MPSA was *K*~*eqADK*~, which is part of the adenylate kinase reaction rate equation (reaction 5, Table B in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). This parameter strongly associated with the concentration of AMP ([S2C Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}), which is one of the determinants in Equation I ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}). The K-S statistic and Spearman correlation coefficient for *K*~*eqADK*~ were 0.56 and 0.46, respectively, both of which were the highest observed in the α1β2γ1 K~D~ MPSA (Supplementary Spreadsheet "MPSA" worksheet). The boxplots revealed that AMP-dominant models were associated with lower medians for *K*~*eqADK*~, higher medians for maximum AMP concentration (\~7 μM vs. 2 μM), lower medians for ADP/AMP concentration ratios, and higher AMP allostery (\~8 vs. 5-fold) ([S2C Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}). Collectively, these results show that AMP-dominant control can occur when changes to parameters other than those determining AXP-(p)-AMPK binding affinities are made.

Similar results were observed from the α2β2γ3 K~D~ MPSA, except that the model was not sensitive to the binding rate constants because their sampling ranges were tightly constrained ([S3A Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}). The K-S statistics and Spearman correlations were highest for the V~max~ and K~M~ of the ADP-AMPK kinase (*V*~*maxKinaseADP*~, *K*~*M*~*16*) and *K*~*eqADK*~ (Supplementary Spreadsheet "MPSA" worksheet). These results were corroborated by the boxplots, which showed a prominent upward shift in the V~max~/K~M~ of the ADP-AMPK kinase for the ADP-dominant models ([S3B Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}, top right panel). The K-S statistics and Spearman correlation coefficients for the V~max~ and K~M~ of the AMP-AMPK kinase (*V*~*maxKinaseAMP*~ and *K*~*M*~*18*, respectively) were slightly elevated (Supplementary Spreadsheet "MPSA" worksheet), and the boxplots showed a downward shift in the V~max~/K~M~ ratio for the ADP-p-AMPK phosphatase ([S3B Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}, top right panel). Boxplots revealed lower medians for *K*~*eqADK*~, higher medians for maximum AMP concentration (\~4.5 μM vs. 2 μM), lower medians for ADP/AMP concentration ratios, and similar AMP allostery (1.4- to 1.5-fold) for the AMP-dominant models ([S3C Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}). Collectively, the α2β2γ3 K~D~ MPSA revealed that AMP-dominant models are possible given the uncertainties in the parameter values, especially given the more pronounced differences in K~D~ values for AMPK binding to AMP and ADP.

AMP-dominant models from the α2β2γ3 K~D~ MPSA are implausible {#sec013}
-------------------------------------------------------------

The results from the α2β2γ3 K~D~ MPSA indicated that AMP-dominant control of AMPK activity is possible given plausible sampling ranges for the parameter values. However, careful inspection of the V~max~/K~M~ ratio plots revealed that these values for the ADP-AMPK kinase were shifted to lower values than those for ATP-AMPK in the AMP-dominant models from both the α1β2γ1 K~D~ and α2β2γ3 K~D~ MPSAs (top right panels for [S1B Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}, [S2B Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}, [S3B Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}). This result contradicts data indicating that ADP enhances the rate of AMPK phosphorylation by its kinases compared to ATP \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref018],[@pcbi.1008079.ref022]\], such that these models are implausible. We proceeded to ask how many AMP-dominant models from the α2β2γ3 K~D~ MPSA featured unrealistic parameter values or otherwise dubious predictions that would invalidate these models, which could lead to a more definitive conclusion regarding AXP-mediated AMPK activity control.

For each acceptable model in the α2β2γ3 K~D~ MPSA, we evaluated the plausibility of the maximum AMP concentration, the relative values of V~max~/K~M~ ratios for the ADP-AMPK and ATP-AMPK kinases and phosphatases, and the relative V~max~ values for the same molecular species. Of the 2,685 acceptable models, 1,295 featured \<0.8 fraction ADP control, thus indicating substantial contribution of AMP to AMPK activity control. Of these 1,295 models, 365 featured plausible free AMP concentrations, i.e., less than 2.92 μM, which is the highest measured value in studies of AMPK signaling in humans in response to moderate-intensity exercise \[[@pcbi.1008079.ref005],[@pcbi.1008079.ref041],[@pcbi.1008079.ref046]--[@pcbi.1008079.ref048]\] (see [S1C Fig](#pcbi.1008079.s004){ref-type="supplementary-material"}, [S2C Fig](#pcbi.1008079.s005){ref-type="supplementary-material"}, and [S3C Fig](#pcbi.1008079.s006){ref-type="supplementary-material"}, middle panels). However, 201 of these simulations featured V~max~/K~M~ values for ADP- or AMP-AMPK kinase that were lower than those for ATP-AMPK kinase ([Fig 4A and 4B](#pcbi.1008079.g004){ref-type="fig"}) and were deemed implausible. Of the 164 remaining models, 65 featured ADP- or AMP-AMPK kinase V~max~ values that were lower than those of the ATP-AMPK kinase V~max~ ([Fig 4A and 4C](#pcbi.1008079.g004){ref-type="fig"}). Similarly, the V~max~/K~M~ values for the ADP- or AMP-p-AMPK phosphatase were higher than those of the ATP-p-AMPK phosphatase in 35 of the 99 remaining models ([Fig 4A and 4D](#pcbi.1008079.g004){ref-type="fig"}). Of the 64 remaining models, 16 featured higher V~max~ values for the ADP- or AMP-p-AMPK phosphatase compared to the ATP-p-AMPK phosphatase ([Fig 4A and 4E](#pcbi.1008079.g004){ref-type="fig"}). This process of elimination thus left 48 models from the starting 1,295 acceptable models from the α2β2γ3 K~D~ MPSA. The same process was executed on the 1,390 simulations that featured \>0.8 fraction ADP control, of which 279 had appropriate kinetics in the final subset ([Fig 4A](#pcbi.1008079.g004){ref-type="fig"}).

![Evaluation of model plausibilities from the α2β2γ3 K~D~ MPSA against data-informed constraints.\
A) Workflow of the progressive elimination of implausible models. After partitioning out the simulations into ADP-dominant (left boxes, \>80% ADP-frac) or ADP non-dominant cases (right boxes, \<80% ADP-frac), we then imposed data-informed constraints on the parameter values and ratios. The labels located in between the workflow boxes represent criteria for identifying models as implausible. B-E) The panels from left to right show the progressive elimination of implausible models from the simulations in the α2β2γ3 K~D~ MPSA in which ADP-p-AMPK contributed less than 0.8 of the time integral of AMPK activity. The panels from left to right correspond to the models featured in the blue-shaded boxes from top to bottom in panel A. Points and curves colored green or blue indicate simulations with *fractions of ADP control* that tend to either ADP- or AMP-dominant control, respectively. The *upper panels* display the log~10~ values of the quantities shown in the top label of each plot for the labelled AMPK complexes below each plot. The green and blue points indicate values from models exhibiting ADP- and AMP-dominant control, respectively. The grey lines indicate implausible relative parameter values between ATP-p-AMPK and ADP-p-AMPK, whereas the black-hatched lines indicate implausible relative parameter values between ATP-p-AMPK and AMP-p-AMPK. which were subsequently eliminated. The *lower panels* represent the corresponding time courses of p-AMPK. The "Median Integral Ratio" and "Minimum Integral Ratio" correspond to the median and minimum values for the *fractions of ADP control* for the ensemble of models. B) First pass, simulations in which the V~max~/K~M~ values of the ***kinase*** for ADP-AMPK and AMP-AMPK were lower than ATP-AMPK. C) Second pass, simulations in which the V~max~ values of the kinase for ADP-AMPK and AMP-AMPK were lower than those for ATP-AMPK. D) Third pass, simulations in which the V~max~/K~M~ of the ***phosphatase*** for ADP-p-AMPK and AMP-p-AMPK were higher than ATP-p-AMPK. E) Fourth pass, removing simulations in which the V~max~ of the phosphatase for ADP-p-AMPK and AMP-p-AMPK were higher than ATP-p-AMPK.](pcbi.1008079.g004){#pcbi.1008079.g004}

To evaluate the plausibility of the 48 remaining models, we compared the values of the V~max~/K~M~ ratios for the ADP-(p)-AMPK and AMP-(p)-AMPK kinases and phosphatases. Experimental data indicates that these parameters are likely different and in manners that favor AMP control; however, they are unlikely to be *substantially* different based on their measured dose response curves \[[@pcbi.1008079.ref014],[@pcbi.1008079.ref022]\], which we conservatively defined for the analysis as 100-fold. In 29 of the 48 models, we observed that at least one of the V~max~ or K~M~ parameters was 100-fold different in the direction favoring the creation of AMP-p-AMPK or the removal of ADP-p-AMPK (Supplementary Spreadsheet "48 models" worksheet). In the remaining 19 models, the highest share of AMP-p-AMPK as a contributor to total AMPK activity was 32%, compared to 68% contributed by ADP-p-AMPK.

Finally, we examined the model-predicted time courses of AMP-p-AMPK, ADP-p-AMPK, and total phospho-AMPK from the 48 models to look for patterns that might explain the increased degree of AMP control in these cases. For the AMP-dominant models, the total phospho-AMPK was low by comparison to ADP-dominant models ([Fig 4](#pcbi.1008079.g004){ref-type="fig"}, lower panels, compare blue and green curves). Plots of ADP-p-AMPK time courses revealed very low values ([S4 Fig](#pcbi.1008079.s007){ref-type="supplementary-material"}). AMP dominance therefore only seemed possible in models predicting unrealistically low ADP-p-AMPK and total phospho-AMPK concentrations. Overall, the results indicated that the AMP-dominant or shared control models in the α2β2γ3 K~D~ MPSA were implausible.

The model generalizes to exogenous direct-binding AMPK activators {#sec014}
-----------------------------------------------------------------

Based on the insights gleaned from the above analyses, we wondered whether the model would generalize to additional exogenous direct-binding AMPK activators. If the four determinants of activation potency are adequately represented in the model, then substituting activator-specific parameter values should enable the model to reproduce experimentally measured AMPK activities. Successful prediction of the measured AMPK activation would further validate our model and extend its applicability to understanding AMPK pharmacology.

We first confirmed that the model was able to reproduce observed intramuscular ZMP concentrations over time in response to 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) perfusion ([Fig 5A](#pcbi.1008079.g005){ref-type="fig"}) \[[@pcbi.1008079.ref049]\]. All parameter values relating to ZMP-mediated AMPK activation were obtained from reports of independent measurements and were not otherwise calibrated to the data. The model predicted that ZMP elicited similar levels of phospho-AMPK but higher AMPK activities than those elicited by moderate exercise ([Fig 5B and 5C](#pcbi.1008079.g005){ref-type="fig"}). The model-predicted phospho-AMPK activities corresponded well to experimental measurements ([Fig 5C](#pcbi.1008079.g005){ref-type="fig"}).

![AMPK pharmacological activator analysis.\
Time courses and dose response of simulated AICAR perfusion, simulated Compound 991 incubation, and moderate intensity exercise (63% $\overset{˙}{V}O_{2peak}$). A) Time courses of concentrations of activators. To simulate perfusion of AICAR, we assumed that its concentration remained unchanged throughout the simulation. The concentration of ZMP was fitted to published data. B) Time courses of phospho-AMPK (p-AMPK) concentrations for each simulation. C) Total AMPK activities for each simulation. The "×" and the "+" markers denote measured AMPK activities in response to Compound 991 and ZMP, respectively. D) Dose response of AMPK activities in response to treatment with Compound 991, ZMP, ADP, and AMP. The model was simulated independent of the bioenergetic module by removing reactions 1--5 and setting the AXP = 0 except if added exogenously, in which case its total concentration was held constant by setting generation and degradation reaction rates to zero. The reactions were simulated for 240 minutes and the steady-state values plotted. The filled portions under each curve indicate the ranges of activator concentrations that are either measured (AMP, ADP) or experimentally applied (ZMP, Compound 991).](pcbi.1008079.g005){#pcbi.1008079.g005}

Similar to ZMP, we substituted parameter values from independent *in vitro* experiments to simulate the effects of C991. In response to bolus addition of C991, the model predicted increasing levels of phospho-AMPK and AMPK activity as the dose of C991 increased from 10^−4^ mM to 10^−2^ mM. Each simulation agreed well with the experimental data ([Fig 5B and 5C](#pcbi.1008079.g005){ref-type="fig"}) \[[@pcbi.1008079.ref050]\]. The 10^−2^ mM dose of C991 elicited lower phospho-AMPK levels but higher AMPK activity, when compared to AICAR and moderate exercise ([Fig 5B and 5C](#pcbi.1008079.g005){ref-type="fig"}). Together, these results suggest that the model generalizes to direct-binding AMPK activators.

Next, we summarized how the properties of the different AMPK activators integrate to produce emergent AMPK activation by simulating the dose response curves of each activator. The model qualitatively reproduced the sigmoidal shape expected for these relationships ([Fig 5D](#pcbi.1008079.g005){ref-type="fig"}). The model also predicted that C991 elicits the highest AMPK activities of the four when applied at its experimentally applied concentrations, followed in order by ZMP, ADP, and AMP ([Fig 5D](#pcbi.1008079.g005){ref-type="fig"}, filled portions of the curves). While AMP has the potential to be the most potent activator of AMPK based on three of four determinants (Equation I in [S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}), its low concentration *in vivo* causes it to rank last amongst the activators.

Discussion {#sec015}
==========

In this study, we developed and analyzed a mathematical model of AMPK signaling in human skeletal muscle to systematically investigate AXP-mediated control of AMPK activity dynamics during exercise. The model incorporates the known mechanisms of AXP-mediated AMPK activation in a single unified framework, thus allowing for their study in context of one another. We applied global parameter sensitivity analysis guided by a simple theoretical framework and data-informed constraints to predict that AMPK activity dynamics in skeletal muscle during exercise are determined principally by ADP and not AMP. Furthermore, we showed that our model can predict the effects of other direct-binding AMPK activators, thus demonstrating its usefulness for understanding AMPK pharmacology.

Our conclusion is based on the following interpretations of our results. First, we showed that the calibrated model predicted that ADP-p-AMPK contributed over 90% to the total AMPK activity during continuous and sprint-interval exercise. While striking, we could not straightforwardly conclude ADP-dominant control because many of the model's parameter values are uncertain. To analyze the model in the context of these uncertainties, we employed global parameter sensitivity analyses in which the predictions from ensembles of models featuring parameter values sampled from plausible ranges were analyzed. The MPSA revealed that AMP-dominant control is possible for many parameter sets. However, introducing data-informed constraints on free AMP concentrations, the relative enhancement of AMPK phosphorylation when bound to ADP compared to ATP, and the relative protection of phospho-AMPK from dephosphorylation when bound to ADP compared to AMP, led to the elimination of all models featuring AMP-dominant control. Of the remaining plausible models, the highest contribution of AMP to AMPK activity control was 32%, compared to 68% for ADP. Collectively, these results imply that ADP is the dominant controller of AMPK activity dynamics in exercise.

Our study contributes significant new understanding to a longstanding debate regarding how AMPK activity is controlled by the adenine nucleotides. AMP has long been considered the principal controller of AMPK activity, which is reflected in the name of the enzyme \[[@pcbi.1008079.ref051]\]. However, subsequent structural studies showed that ADP could also control AMPK activity, and some proposed that ADP is the predominant controller of AMPK activity *in vivo* \[[@pcbi.1008079.ref018],[@pcbi.1008079.ref027]\]. Evidence in support of AMP as the "true" physiological regulator then followed \[[@pcbi.1008079.ref022],[@pcbi.1008079.ref024]\], and the debate remained unresolved to date. The crux of the debate is whether the stronger per-molecule activation potency of AMP outweighs the two-orders-of-magnitude higher concentration of ADP in cells. Resolving the debate will require accurate estimates of these quantities and accounting for them in a unified framework. Our study presents a new mathematical model of AMPK signaling that explicitly includes these factors and accounts for the full range of corresponding estimates available in the literature. Quantitative models and arguments have been proposed in prior work \[[@pcbi.1008079.ref027],[@pcbi.1008079.ref052]\] but these were based on steady-state considerations, whereas our model considers dynamics. Existing dynamic models of AMPK signaling \[[@pcbi.1008079.ref033]--[@pcbi.1008079.ref036]\] only considered AMP as the activating nucleotide and were applied to cell types other than skeletal muscle. In addition, unlike these previous studies, ours was the first to consider estimates from the AMPK isoforms and ones from studies featuring results supporting AMP-dominant control, in particular the 13-fold allosteric activation of the α1β2γ1 isoform by AMP reported by Gowans et al. \[[@pcbi.1008079.ref022]\]. In this way, our model integrated all pertinent knowledge to evaluate AXP-mediated control of AMPK activity in a systematic, comprehensive, and fair manner. The model can be easily updated as new estimates become available.

Our model can be applied to study AMPK activity dynamics during exercise. Studying signaling dynamics in exercising humans or animals is currently difficult because it relies on biochemical analyses of biopsied muscle. Since only a few biopsies can be ethically sampled from any one individual, these approaches cannot be used to measure the full dynamic profile of AMPK activity in response to a bout of exercise. Mathematical models provide interpolated estimates between the data points, thus inferring the dynamics. The promise of the AMPK model for the proposed application is evident from the simulations of both continuous and sprint-interval exercise (Figs [2](#pcbi.1008079.g002){ref-type="fig"} & [3](#pcbi.1008079.g003){ref-type="fig"}). The latter shows the accumulation of AMPK activity with each interval despite lengthy (4 min) rest periods, which provides clues regarding how sprint-interval exercise can be so potent for inducing fitness-promoting adaptations in skeletal muscle despite the minimal time spent exercising \[[@pcbi.1008079.ref053]\].

Our model also provides a general framework for evaluating small-molecule activators of AMPK, which are being studied as therapeutics for muscle and metabolic dysfunction and as part of exercise-mimetic cocktails \[[@pcbi.1008079.ref010],[@pcbi.1008079.ref054]\]. Typically, AMPK activators have been identified on the basis of binding affinity and enhanced substrate phosphorylation \[[@pcbi.1008079.ref054],[@pcbi.1008079.ref055]\]. Early AMPK activators featured properties based on AMP given its greater per-molecule potency of activation relative to other activators such as ADP \[[@pcbi.1008079.ref056]--[@pcbi.1008079.ref058]\]. However, these criteria are insufficient for predicting therapeutic suitability because they do not consider factors such as the molecule's ability to protect AMPK from dephosphorylation, its pharmacokinetics, or the duration of its action once in the cell \[[@pcbi.1008079.ref054]\]. Indeed, our results imply that designing a molecule that faithfully mimics AMP's properties would not work well because its concentration would be too low. Indeed, AICAR, the precursor of the AMP mimic ZMP, is applied in experiments at millimolar concentrations, which after uptake and processing leads to intracellular ZMP concentrations that exceed those of AMP by at least two orders of magnitude ([Fig 5](#pcbi.1008079.g005){ref-type="fig"}). We recommend that drug developers assess candidate AMPK activators based on all the factors expressed in Equation G ([S1 Text](#pcbi.1008079.s001){ref-type="supplementary-material"}), rather than just a subset as is current practice. More broadly, integrated approaches to drug design are being advanced in the emerging field of quantitative systems pharmacology \[[@pcbi.1008079.ref059]\], and our model could find use as the pharmacodynamic portion of future physiologically based pharmacokinetic-pharmacodynamic models of small molecules targeting AMPK.

Our study features four noteworthy limitations. First, AMP is likely still crucial to the function of AMPK *in vivo*, owing to AMP's tight and relatively permanent binding to the γ-subunit nucleotide-binding site 4 of AMPK, the function of which remains to be discovered \[[@pcbi.1008079.ref012]\]. Our conclusion regarding ADP-dominant control is restricted to the *dynamic variation of AMPK activity* during exercise. Second, the model incorporates the simplifying assumptions that the cell is a well-stirred tank reactor and does not account for possible stochastic effects, spatial concentration gradients, or restrictions on localization. Accounting for stochastic and spatial effects is unlikely to affect our conclusions because the concentrations of AMPK signaling components are sufficiently high to be deterministically modeled and because AMP and ADP must exist in the same cellular compartments due to their participation in the same biochemical reactions, e.g., the adenylate kinase reaction. Spatially restricted AMP concentration gradients of sufficient magnitude to outcompete ADP as the main controller of AMPK are unlikely to exist.

Third, we assumed that the parameter values of the model were constant within each simulation, despite the knowledge that exercise imposes generalized biophysical and biochemical effects on cells, such as changes in water content \[[@pcbi.1008079.ref060]\], temperature \[[@pcbi.1008079.ref061]\], and pH \[[@pcbi.1008079.ref062]\], which could cause the parameter values to be nonconstant. For these factors to affect our conclusions, the changes to the parameter values would have to disproportionately affect ADP or AMP relative to one another. We contend that such changes are unlikely to be sufficiently substantial to render AMP as the dominant controller of AMPK, given the results of our extensive parameter sensitivity analyses. Furthermore, any such changes would not necessarily favor AMP. For example, changes to intracellular pH differentially affects the thermodynamics of the bioenergetic reactions involving AMP and ADP. The equilibria of the adenylate kinase and creatine kinase reactions are sensitive to pH \[[@pcbi.1008079.ref063]\], but *K~eqADK~* varies only up to \~20% depending on the Mg^2+^ concentration between pH 6.4 to 7.4 \[[@pcbi.1008079.ref063]\]. The creatine kinase reaction is more sensitive to pH, varying up to \~100-fold for the same pH range \[[@pcbi.1008079.ref063]\]. This pH sensitivity is explicitly encoded in the model, with *K~eqCK~* expressed as 1.77 × 10^(9-pH)^ (Table D; \[[@pcbi.1008079.ref039]\]). Because this reaction operates close to equilibrium in vivo \[[@pcbi.1008079.ref064]\], decreased intracellular pH is thought to contribute to decreased free ADP concentration \[[@pcbi.1008079.ref063],[@pcbi.1008079.ref065]\]. The effect of lowered pH on AMP concentration can be inferred by the equilibrium expression for the adenylate kinase reaction: $$\left\lbrack {AMP} \right\rbrack = \frac{\left\lbrack {ADP} \right\rbrack^{2}K_{eqADK}}{\left\lbrack {ATP} \right\rbrack}$$

Specifically, reduced pH reduces both ADP concentration and *K~eqCK~* as explained above, with the equation implying that the fold-change decrease in ADP would translate to AMP decreasing by the square of this fold change. Collectively, these effects would reduce AMP concentration proportionally more than that of ADP, which would favor ADP-dominant control of AMPK activity. Accordingly, the dynamic pH changes observed in working skeletal muscle are unlikely to affect our conclusions.

Finally, our results depend on accurate measurements of AMP and ADP concentrations available to participate in biochemical reactions in cells, which are subject to uncertainties. Notably, disparate estimates exist for the concentrations of *free* and *total* AXP. At rest, most estimates suggest that the *free* AMP:ATP ratio is \~100-fold less than the free ADP:ATP ratio \[[@pcbi.1008079.ref018],[@pcbi.1008079.ref066]\] whereas estimates of the *total* AMP:ATP ratio is \~10-fold less than the total ADP:ATP ratio \[[@pcbi.1008079.ref025],[@pcbi.1008079.ref067]\]. Furthermore, the free concentrations of ADP and AMP are not directly measured but are based on calculations that depend on the assumption that the creatine-kinase and adenylate-kinase reactions operate close to equilibrium, whereas total AXP are directly measured biochemically using high-performance liquid chromatography techniques. In principle, estimates from the latter should be given more weight. However, these issues are unlikely to affect our conclusions for two reasons. First, the apparent discrepancies in the measurements of free and total AXP suggest the existence of pools of AXP tightly bound to cellular structures. These bound AXP would remain unavailable to AMPK, in which case only the free concentrations are relevant to its control. Second, HPLC-based measurements of AXP during and after exercise frequently find no change in the levels of AMP between rest and exercise \[[@pcbi.1008079.ref041],[@pcbi.1008079.ref062],[@pcbi.1008079.ref067]--[@pcbi.1008079.ref069]\], which if true, obviates total AMP as a possible controller of AMPK dynamics during exercise.

In summary, we have developed and analyzed a mathematical model of AMPK signaling in skeletal muscle during exercise. Our analyses demonstrate that ADP rather than AMP dominates the control of AMPK activity dynamics. More generally, activators of AMPK must feature a sufficient combination of per-molecule activation potency, binding affinity, and concentration to be effective *in vivo*. Our model provides a tool for systematically investigating these factors for any direct-binding AMPK modulator.
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###### Visualization of Unconstrained MPSA results.

**A**. Effects of AXP-(p)-AMPK binding constants on AMP- versus ADP-dominant control of AMPK activity. *i)* Boxplots summarize the individual parameter values representing the forward (*k*~*f*~) and reverse (*k*~*r*~) rate constants. *ii)* Boxplots summarize the dissociation constants (K~D~) for each AXP-(p)-AMPK reaction, calculated as *k*~*r*~/*k*~*f*~ from each simulation. *iii)* Boxplots summarize the ratios of all possible pairs of K~D~ values. **B.** Effects of parameters determining the enhancement of AMPK phosphorylation on AMP- versus ADP-dominant control of AMPK activity in the Unconstrained MPSA. *i)* Boxplots summarize the Michaelis constants (K~M~) and maximum enzyme velocities (V~max~) for the AMPK kinase and phosphatase. *ii)* Boxplots summarize the catalytic efficiencies of the AMPK kinase and phosphatase, which was calculated as V~max~/K~M~ for each simulation. *iii)* Boxplots summarize the compound ratios of kinase and phosphatase catalytic efficiencies. **C**. Effects of *K*~*eqADK*~, AMP and ADP concentrations, and allostery on AMP- versus ADP-dominant control of AMPK activity in the Unconstrained MPSA. Panels from left to right: i) Boxplots summarize the *K*~*eqADK*~ values. ii) and iii) Boxplots summarize the maximum predicted concentrations of ADP (ii) and AMP (iii) during simulated exercise. The dashed-grey horizontal lines represent the reported maximum levels of ADP or AMP in moderate-intensity exercise studies. iv) Boxplots summarize the ratios of the maximum concentrations of ADP and AMP during simulated exercise. v) Boxplots summarize the magnitudes of allosteric activation of the AMP-p-AMPK complex.
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###### Visualization of α1β2γ1 K~D~ MPSA results.

**A.** Effects of AXP-(p)-AMPK binding constants on AMP- versus ADP-dominant control of AMPK activity. *i)* Boxplots summarize the individual parameter values representing the forward (*k*~*f*~) and reverse (*k*~*r*~) rate constants. *ii)* Boxplots summarize the dissociation constants (K~D~) for each AXP-(p)-AMPK reaction, calculated as *k*~*r*~/*k*~*f*~ from each simulation. *iii)* Boxplots summarize the ratios of all possible pairs of K~D~ values. **B**. Effects of parameters determining the enhancement of AMPK phosphorylation on AMP- versus ADP-dominant control of AMPK activity in the α1β2γ1 K~D~ MPSA. *i)* Boxplots summarize the Michaelis constants (K~M~) and maximum enzyme velocities (V~max~) for the AMPK kinase and phosphatase. *ii)* Boxplots summarize the catalytic efficiencies of the AMPK kinase and phosphatase, which was calculated as V~max~/K~M~ for each simulation. *Bottom panel*: Boxplots summarize the compound ratios of kinase and phosphatase catalytic efficiencies. **C**. Effects of *K*~*eqADK*~, AMP and ADP concentrations, and allostery on AMP- versus ADP-dominant control of AMPK activity in the α1β2γ1 K~D~ MPSA. Panels from left to right: *i)* Boxplots summarize the *K*~*eqADK*~ values. *ii)* and *iii)* Boxplots summarize the maximum predicted concentrations of ADP (*ii*) and AMP (*iii*) during simulated exercise. The dashed-grey horizontal lines represent the reported maximum levels of ADP or AMP in moderate-intensity exercise studies. *iv)* Boxplots summarize the ratios of the maximum concentrations of ADP and AMP during simulated exercise. *v)* Boxplots summarize the magnitudes of allosteric activation of the AMP-p-AMPK complex.
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###### Visualization of α2β2γ3 K~D~ MPSA.

**A**. Effects of AXP-(p)-AMPK binding constants on AMP- versus ADP-dominant control of AMPK activity. *i*) Boxplots summarize the individual parameter values representing the forward (*k*~*f*~) and reverse (*k*~*r*~) rate constants. *ii*) Boxplots summarize the dissociation constants (K~D~) for each AXP-(p)-AMPK reaction, calculated as *k*~*r*~/*k*~*f*~ from each simulation. *iii*) Boxplots summarize the ratios of all possible pairs of K~D~ values. **B**. Effects of parameters determining the enhancement of AMPK phosphorylation on AMP- versus ADP-dominant control of AMPK activity in the α2β2γ3 K~D~ MPSA. i) Boxplots summarize the Michaelis constants (K~M~) and maximum enzyme velocities (V~max~) for the AMPK kinase and phosphatase. *ii*) Boxplots summarize the catalytic efficiencies of the AMPK kinase and phosphatase, which was calculated as V~max~/K~M~ for each simulation. *iii*) Boxplots summarize the compound ratios of kinase and phosphatase catalytic efficiencies. **C**. Effects of *K*~*eqADK*~, AMP and ADP concentrations, and allostery on AMP- versus ADP-dominant control of AMPK activity in the α2β2γ3 MPSA. Panels from left to right: *i*) Boxplots summarize the *K*~*eqADK*~ values. *ii*) and *iii*) Boxplots summarize the maximum predicted concentrations of ADP (*ii*) and AMP (*iii*) during simulated exercise. The dashed-grey horizontal lines represent the reported maximum levels of ADP or AMP in moderate-intensity exercise studies. *iv*) Boxplots summarize the ratios of the maximum concentrations of ADP and AMP during simulated exercise. *v*) Boxplots summarize the magnitudes of allosteric activation of the AMP-p-AMPK complex.
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###### Phospho-AMPK in the 48 Non-ADP-dominant models.

Model-predicted time courses of AMP-p-AMPK and ADP-p-AMPK in the 48 models remaining after the elimination process (see [Fig 4](#pcbi.1008079.g004){ref-type="fig"} of the main text). The blue, green, and black lines represent the levels of AMP-p-AMPK, ADP-p-AMPK and total AMPK, respectively. The inset numbers represent the corresponding fraction of ADP control.
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Dear Dr. Clarke,

Thank you very much for submitting your manuscript \"ADP is the dominant controller of AMP-activated protein kinase activity dynamics in skeletal muscle during exercise\" for consideration at PLOS Computational Biology.

As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by several independent reviewers. In light of the reviews (below this email), we would like to invite the resubmission of a significantly-revised version that takes into account the reviewers\' comments.

We cannot make any decision about publication until we have seen the revised manuscript and your response to the reviewers\' comments. Your revised manuscript is also likely to be sent to reviewers for further evaluation.

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Please prepare and submit your revised manuscript within 60 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. Please note that revised manuscripts received after the 60-day due date may require evaluation and peer review similar to newly submitted manuscripts.

Thank you again for your submission. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Daniel A Beard

Deputy Editor

PLOS Computational Biology

Daniel Beard

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The authors present extensive development and application of a new mathematical model to answer the important question of which of the adenine nucleotides AMP or ADP plays the dominant role in exercise-mediated regulation of the metabolic co-ordinator AMPK. Such models are valuable as dynamic AMPK regulation is complex, making delineation of the specific contributions made by activating ligands extremely difficult by cell or physiological measurements. The authors propose their model will aid development of more effective therapeutics targeting AMPK, implicated in onset and progression of a number of prevalent human diseases. The manuscript is well-written, is based on extensive and relevant literature, and employs robust validation of their model to provide confidence in their conclusion that ADP imparts the larger contribution to triggering AMPK activation. Limitations are readily acknowledged and discussed. My comments are focused largely on my expertise in AMPK regulatory mechanisms, in preference to my limited knowledge of mathematical modelling.

I have a couple of comments:

1\. Why is consideration not given to AMP clearance mechanisms? e.g. AMP deaminase reaction, which influences the degree to which the AMP/ATP ratio increases during metabolic stress. Plaideau, C., et al (2012). doi: 10.1096/fj.11-198168. I note this is referred to in Fig 1 but not included in the model. Thus changes in \[AMP\] are likely to be lower than that predicted from the AK reaction alone. Of course, this will not alter the main conclusion of the study, however I consider this to be an important consideration for model refinement and one that is often over-looked by researchers in arguments supporting the AMP-centric hypothesis, or predicting AMP levels from measured ADP/ATP ratio. At the very least this should be included in the Introduction in line 96, and will likely improve accuracy of the model (e.g. predicted vs measured \[AMP\] fig 2B).

2\. An important component of model validity is selection of appropriate kinetic data. For a2b2g3, why did the authors select allostery data from Rajamohan et al ref 26 in preference to Ross et al ref 42 (Table S5)? The former provides data at sub-physiological ATP 20 uM using bacterial-expressed AMPK, whereas ref 42 employed a range of ATP concentrations up to 5 mM and mammalian cell expressed AMPK. It should be noted in the Introduction line 99 that g3 complexes are generally regarded to be poorly AMP-sensitive. Difference in fold activation between the two studies may be small (1.4 vs. 1.54), but will likely have a large influence on outputs.

Minor comments:

3\. line 84: AMPK has several known regulatory phosphosites, the authors need to be more specific here. Suggest changing to "ADP and AMP inhibit AMPK pThr-172 dephosphorylation and promote AMPK Thr-172 phosphorylation by LKB1".

4\. line 84 & 97. It should be mentioned that AMP and ADP stimulate Thr172 phosphorylation by CaMKKB (Oakhill et al 2010 PNAS doi/10.1073/pnas.1009705107 and ref 18) although I do not propose this element be incorporated into the modelling.

5\. line 85: include ref 26 (1st to show ADP protects against pT172 dephosphorylation).

6\. line 96-8: this sentence could be misinterpreted, AMP does not affect LKB1 activity directly, but instead makes AMPK T172 a better substrate for upstream kinases.

7\. line 105-8: consider changing to "...ADP-mediated net increase in pThr172..."to include both phos and dephos mechanisms.

8\. lines 111 & 112: this concept was introduced in ref 24, not 18.

9\. line 431...."164 simulations....." should this read "plausible"?

10\. line 501: for clarity suggest changing to..."The 10-2 mM dose of C991 elicited lower phospho-AMPK levels but higher AMPK activity, when compared to AICAR and moderate exercise (Fig. 5B and 5C)". The authors could mention this is consistent with the view that synthetic AMPK agonists elicit robust AMPK signalling without affecting Thr172 phosphorylation (Scott et al 2015, <http://dx.doi.org/10.1016/j.chembiol.2014.03.006>).

11\. ref 26 and 42 are identical.

Reviewer \#2: Coccimiglio and Clarke describe a detailed metabolic model that focuses on AMPK, its substrates, products, regulators and activators (physiological and pharmacological). The authors simulate exercise regimens to provide insights into what signals might stimulate use-dependent changes in muscle. The authors conclude that "ADP is the dominant controller of AMPK activity dynamics in skeletal muscle during exercise by virtue of its higher concentration."

Major

This is a well-written manuscript and the results may have significance for understanding what cellular signals drive muscle plasticity. In addition, there is significance for pharmaceuticals and dietary supplements, "exercise mimetics" that include small molecule activators of AMPK.

My biggest concern about this manuscript is what the authors consider to be the physiological range of free, cytoplasmic \[ADP\]. This may have a major impact on the authors' conclusion. The concentration range of AMP specified on pate 5, line 6 from bottom, seems off (specifically too high) at the lower end. For example, see Kushmerick et al., 1992, Mammalian skeletal muscle fibers distinguished by contents of phosphocreatine, ATP, and Pi. Proc. Natl. Acad. Sci. USA 89:7521-7525. There is additional relevant ref data in related papers from the Kushmerick lab, e.g., Chase and Kushmerick, 1995, Effect of physiological ADP levels on contraction of single skinned fibers from rabbit fast and slow muscles. Am. J. Physiol. 268:C480-C489. The authors' argument that "ADP is the dominant controller" relies in part on their higher concentrations of ADP relative to AMP (in combination with affinities). My reading of the 31P NMR literature on muscle suggests that the range of ADP indicated by the authors would only be found during heavy exercise or hypoxia. The authors therefore need to clarify what happens at lower ADP levels and whether their conclusion would change; perhaps in a 3D plot define the concentration ranges over which ADP or AMP would dominate.

Minor

Once the authors clarify the physiological range of ADP and its impact on the conclusion (per above), the two following statements could be expanded.

In the concluding line of Abstract, clarify "ADP is the dominant controller of AMPK activity dynamics in skeletal muscle during exercise by virtue of its higher concentration." Specifically, clarify "higher concentration" relative to what (AMP) as stated more clearly in the author summary.

In the Author Summary: "How the adenine nucleotides interact to control AMPK activity is poorly understood." Clarify or eliminate because there are plenty of 3D structures and in vitro biochemistry.

Reviewer \#3: This paper deals with an important issue, and uses a computational approach to draw some interesting conclusions. I have a few specific comments, and one less so.

I'd like to see a little more detail about the bioenergetic module, which is basically Vicini plus Lambeth (to use a lazy shorthand). Lambeth models glycogenolysis to lactate in a closed system at constant pH (assuming a fixed glycogen phosphorylase a/(a+b) ratio), Vicini models oxidative phosphorylation, and both include the creatine kinase system. The present paper I think assumes no lactate production (i.e. pyruvate is fully oxidised) and although pH-dependence of various model parameters is (rightly) included explicitly, the actual pH is fixed in the model. I have a few comments/requests:

• It would be useful to have this explicitly stated in the Supplement, along with the reasons for the simplifications.

• The 'The module includes...' section in the Supplement should presumably contain glycolysis.

• To be clear, this approach seems reasonable to me, and unlikely to affect the novel results which are the point of the paper. The one possible exception is pH: you do discuss this (p. 22) but I'm not sure why you conclude '.. thus reinforcing our conclusions' (line 635).

A more general comment on the physiological context. I agree that 'Enhanced understanding of AMPK activation would inform both exercise training biology and AMPK pharmacology'. I'm struck by the difference in time-scale between three things: (i) AMPK activation by ADP and AMP (which go up and down, roughly together, in potentially complicated patterns as the myocyte happens to start, stop or change the intensity of contractions; and much of the time are around resting levels), (ii) the downstream consequences, dependent on complex series of gene activations, and (c) AMPK activation by potentially therapeutic pharmacological agents.

• Presumably what relates (i) and (ii) is just the averaging/integrating effect of multiple processes. Does this model have anything to say about that?

• What is the best way of thinking of the relationship of the pharmacology of (iii) to that physiology? Fig 6 simulates direct activation of AMPK by infused activators (alone and together), but how would that interact with the exercise response?

Minor points

• Refs 35 and 39 are the same

• Something about the phrasing of 'Reduced pH provides a driving force away from ADP and towards ATP in the creatine kinase reaction' doesn't seem quite appropriate to an equilibrium. If Cr/PCr is unchanged, yes, a lower pH implies a lower \[ADP\], but embedded in the whole metabolic regulatory network that condition can't be assumed.
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Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Jonathan S Oakhill

Reviewer \#2: Yes: P. Bryant Chase

Reviewer \#3: No

[Figure Files:]{.ul}

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example in PLOS Biology see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions, please see [[http://journals.plos.org/compbiol/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}

10.1371/journal.pcbi.1008079.r002

Author response to Decision Letter 0

27 May 2020

###### 

Submitted filename: Coccimiglio_AMPK model_2020 vR1 review response.pdf

###### 

Click here for additional data file.

10.1371/journal.pcbi.1008079.r003

Decision Letter 1

Beard

Daniel A

Deputy Editor

© 2020 Daniel A Beard

2020

Daniel A Beard

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

15 Jun 2020

Dear Dr. Clarke,

Thank you very much for submitting your manuscript \"ADP is the dominant controller of AMP-activated protein kinase activity dynamics in skeletal muscle during exercise\" for consideration at PLOS Computational Biology. As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by several independent reviewers. The reviewers appreciated the attention to an important topic. Based on the reviews, we are likely to accept this manuscript for publication, providing that you modify the manuscript according to the review recommendations.

Specifically, in my opinion it would only strengthen the manuscript to follow-up on the remaining suggestions of the reviewers.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. 

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Daniel A Beard

Deputy Editor

PLOS Computational Biology
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A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The authors have addressed all my concerns except one, which may have been missed:

It should be noted in the Introduction line 99 that skeletal muscle gamma3 complexes have been shown to be poorly AMP-sensitive (in terms of allosteric activation) in studies that directly compare all 3 gamma isoforms eg Ross et al Biochem. J. 473, 189--199 (2016) and Langendorf et al Nat. Commun 7, 10912 (2016).

Reviewer \#2: Coccimiglio and Clarke have provided extensive documentation in their response to reviews of their original submission.

Major

In the previous review, I stated that "My biggest concern about this manuscript is what the authors consider to be the physiological range of free, cytoplasmic \[ADP\]." In their responses, the authors state that "the concentration estimates of the adenine nucleotides are critical to our conclusions" and then state that it is the "concentrations of ADP and AMP relative to each other are the critical driving factor". The authors then present a simulation with resting ADP = 22.5 uM while their summary table of ADP estimates suggests that resting ADP may be significantly lower than 22.5 uM when we focus on the 31P NMR results. I agree completely that the ratio of ATP/ADP is important for some aspects of metabolism, but the absolute concentrations can also be significant. I don't understand why they didn't perform the simulations at lower resting ADP (e.g., 1 and 10 uM) to demonstrate that their conclusions do not change, if that is the case. I hope the authors would agree that good modeling practice is to work not only with parameters that are close to physiological, but in addition, to bracket key values with the range of physiological estimates. Beyond stating "we stand by the \[ADP\] estimates used in our study and we contend that our conclusions are robust to variations in measured \[ADP\]," the additional simulations at lower (but according to the 31P NMR data, still physiological) should only strengthen the authors' conclusions in the eyes of future readers if nothing changes qualitatively.

Reviewer \#3: Thank you - you have addressed all my points.
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Dear Dr. Clarke,

We are pleased to inform you that your manuscript \'ADP is the dominant controller of AMP-activated protein kinase activity dynamics in skeletal muscle during exercise\' has been provisionally accepted for publication in PLOS Computational Biology.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Computational Biology. 

Best regards,

Daniel A Beard

Deputy Editor

PLOS Computational Biology
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Deputy Editor

PLOS Computational Biology
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Dear Dr Clarke,

I am pleased to inform you that your manuscript has been formally accepted for publication in PLOS Computational Biology. Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Computational Biology and open-access publishing. We are looking forward to publishing your work!
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